INTRODUCTION
Ground water generally is not available in large quantities in southeastern Ohio, but it is the most readily obtainable water for most of the rural and village populations. Ground water is also the source of base flow of streams, and directly affects quantity and quality of most streams in southeastern Ohio. One of the major impacts on the ground-water system in southeastern Ohio is surface mining of coal. An assessment and prediction of the consequences of surface mining on ground water is difficult because chemical-quality data are sparse.
Purpose and Scope
The purpose of this report is to describe the water quality and the principal geochemical controls of water quality in surficial aquifers associated with coal in the Allegheny and Monongahela Formations in southeastern Ohio ( fig. 1 ).
One hundred ground-water-quality samples were collected from wells completed in the Monongahela and Allegheny Formations, the two principal coal-producing formations in southeastern Ohio 
Sampling Strategy and Methods
Samples were collected from the uppermost aquifer associated with each coal bed; well depth typically ranged from 50 to 100 feet. A coal-associated aquifer, for the purposes of this study, is defined as an aquifer in which the identified coal either is the producing zone or directly overlies the producing zone. Samples were collected from domestic wells that penetrated only one coal bed. Aquifers and associated coal beds were identified by field checking drillers' logs with topographic maps, geologic maps, and mineral-resource maps. Well owners also provided information in some cases.
Samples were collected from domestic wells at the tap nearest the well after a sufficient amount of water had been removed to ensure a sample representative of the aquifer. Field measurements of temperature, specific conductance, alkalinity, and pH were made. Samples collected for analyses of dissolved constituents were filtered in the field using a 0.45-micrometer filter. Samples were treated (U.S. Geological Survey, 1977) and chilled in the field and sent to the U.S. Geological Survey laboratory in Doraville, Ga. f for analysis.
HYDROGEOLOGIC SETTING OF SOUTHEASTERN OHIO

Phys iog raphy
The study area lies principally within the unglaciated Allegheny Plateau (Fenneman, 1938) . The Wisconsin (most recent) glacial advance stopped at the extreme northern and western edges of the study area. Only the northwestern part of Perry County ( fig. 3) , which was covered earlier by the Illinoian glacial advance, has been glaciated.
Erosion of the glaciated area has resulted in a land surface that resembles the rugged, more maturely dissected terrain characteristic of the unglaciated region. Throughout southeastern Ohio, local relief ranges up to 500 feet.
The outcrop pattern from west to east is a progression of older-to-younger units that trend north-northeast. The rocks have a regional southeastern dip of about 30 feet per mile toward the Appalachian basin. The regional trend of the Pennsylvanian rock system is modified locally by numerous low structural features (Lamborn, 1951, p. 13) .
Geology Lithology and Stratigraphy
The bedrock of southeastern Ohio is a sedimentary sequence that consists predominantly of shales, sandstones, and limestone ranging from Mississippian to Permian in age. Most of the study area ( fig. 3 ) is comprised of a complex repetitive succession of shales, sandstones, limestones, coals, and clays of Pennsylvanian age. The carbonate content increases from the older to younger Pennsylvanian rocks; therefore, the Monongahela Formation contains more carbonates than the Allegheny Formation. The lithologic character of the principal units and the relative positions of the important coals are shown in figure 4.
The designation of the Pottsville, Allegheny, Conemaugh, and Monongahela as "Formations" follows the usage of the U.S. Geological Survey. Many geologists in Ohio classify the same units as groups. Collins 1 review of Ohio geology (1979) explains the criteria used to classify the Mississippian, Pennsylvanian, and Permian systems in Ohio. Approximately 24 beds of minable coal in 32 counties have been identified (Brant and Delong, 1960, p. 3) . According to figures given for the estimated original reserve for Ohio (Brant and Delong, 1960, p. 5) , the coals listed in figure 4 constitute 92 percent of the State's original reserves. The coals selected for their association with aquifers in this study comprise 76 percent of the original reserves. Ranked in order of their current economic importance (Collins, 1979, p. 22) The coal units considered in this study were selected on the basis of economic importance, accessibility, and availability of geologic data. Therefore, the investigation is mainly concerned with the Allegheny and Monongahela Formations. Coals in the Conemaugh Formation and the Permian section are too sparse to be considered in this study.
Depositional Environment
Branson (1962, p. 3) suggests that classification of the paleogeographic setting of the Pennsylvanian System should include four distinct facies: Basinal, reef, platform, and continental. The latter two facies characterize the section in Ohio.
The disconformity between the Mississippian and basal Pennsylvanian units is a pronounced break in the sedimentary section of Ohio. Much of east-central Ohio is thought to have been at a higher elevation than areas to the northeast and to the south where thick basinal facies of coarse elastics were accumulating in separate basins of the Appalachian geosyncline (Fuller, 1955) . These basins later coalesced when the sediments encroached upon the shallower continental platforms that underlie the Ohio part of the Pottsville Formation (Stearns and Mitchum, 1962 On the basis of formation thickness, Stout and others (1943) noted that the Pottsville contains 42 percent sandstone, the Allegheny contains 40 percent, the Conemaugh less than 30 percent, and the Monongahela only about 15 percent. The Lower Pennsylvanian sandstones were cleaner, and contained as much as 99 percent silica in basal Pottsville sediments. In the Monongahela, mineralogical content of sandstones ranged from 62 to 90 percent quartz, 2 to 21 percent undifferentiated clay and silt minerals, 0.1 to 1 percent heavy minerals, 2 to 10 percent feldspar, 1 to 8 percent mica, and 1 to 9 percent rock fragments (Collins, 1979, p. E14) . Thus, the nonmarine sediments of the Late Pennsylvanian were less quartzitic and more shaly. In general, bedrock aquifers of southeastern Ohio are characterized by low yields (generally less than 5 gallons per minute). The lenticular nature of many stratigraphic units restricts horizontal flow of ground water. However, horizontal flow is generally not as greatly restricted as vertical flow. Downward drainage of saturated zones is inhibited by underlying clay layers or shale; thus, ground water is likely to move laterally toward hillside springs or seeps ( fig. 5 ). In turn, these discharges may infiltrate lower units or be carried as surface runoff to some point where water returns to the aquifers by losing streams.
Because of the rugged topography in the region, many of the shallow water-bearing units have been dissected into isolated remnants of what were once areally extensive strata. There are no regional aquifers that contain water of potable quality in southeastern Ohio. Sandstones of Mississippian age and some of the Pottsville sandstones, which are regional aquifers in other parts of Ohio, are saline in southeastern Ohio. The most persistent units are the Pennsylvanian limestones, but these are thin; secondary permeability, such as fractures and joints, is localized.
GROUND-WATER QUALITY OF AQUIFERS IN THE ALLEGHENY AND
MONONGAHELA FORMATIONS
The discussion of the ground-water quality in this report focuses on the major inorganic constituents and selected minor constituents and properties. Samples generally represent natural conditions, however, a few analyses show apparent contamination (indicated by high concentrations of chlorides, sulfates, and other constituents) at some sampling sites.
General Description
The variation in geology throughout the study area is one of influences on variability of ground-water quality. The effects of the geology on the distribution of the water-quality characteristics will be discussed in later sections, but some generalizations can be made here.
The water type of the shallow aquifers generally is calcium magnesium bicarbonate. Sodium bicarbonate and mixed bicarbonate sulfate types are less common ( fig. 6 ). The measured hardness ranges from 1 mg/L to 3,113 mg/L; the median value is 258 mg/L as A good indicator of general water quality is dissolved solids. Figure 7 shows the distribution of dissolved-solids concentration across southeastern Ohio. Most of the study area has shallow aquifers that contain fresh water. Fresh water is defined as having a dissolved-solids concentration of less than 1,000 mg/L. Only a few sites yield water having a dissolvedsolids concentration of more than 1,000 mg/L. These high values can be attributed to oil-and gas-well drilling or road salt (high chlorides), mining activity (high sulfates, iron, and manganese), agricultural or domestic wastes, or natural deposits.
An inexpensive, rapid method for estimating dissolved-solids concentration is measurement of specific conductance. A linear relation exists between specific conductance and dissolved solids under most conditions. The numerical value for dissolved-solids concentration, in milligrams per liter, generally is 0.55 to 0.75 the value of specific conductance in microsiemens per centimeter (/uS/cm) at 25°C (Hem, 1970, p. 99) . In southeastern Ohio, these two characteristics form a linear relation in regression analysis such that the dissolved-solids concentration of water from shallow aquifers is 0.71 times the value of the specific conductance ( fig. 8 ). Ninety percent of the variation in the data is explained by this relation. The relation becomes less useful when specific conductance increases to more than 1,600 pS/cm, probably because of high concentrations of sulfate and chloride. The linear relationship is useful in extrapolating analyses to other areas in southeast Ohio where comprehensive results are unavailable, or for quick reconnaissance of large areas.
Relationships among specific conductance and other constituents such as sulfate, hardness, and chloride are less well defined. This is attributable to the variable geology, which causes different concentrations of ions to be present in the ground water. 
Analysis of Geologic and Geochemical Controls
Statistical and graphical methods were used to evaluate water-quality data in an attempt to characterize geologic formations and coal-associated aquifers. The complex lithofacies changes caused by numerous transgressions and regressions during deposition made classification by simple, univariate statistics difficult; therefore, several statistical techniques including analysis of variance, correlations, and discriminant-function analysis were used.
In this study, analysis of variance was used to determine whether there are significant differences in selected constituents between coals within each formation and between formations. Bicarbonate is the only constituent that is significantly different between coals in both formations. Constituents that are significantly different at a significance level of 0.^5 between formations are bicarbonate, hardness, calcium, magnesium, sodium, iron, manganese, and strontium. As mentioned previously, the Monongahela Formation contains more calcareous rocks than the Allegheny Formation. The dominant depositional environment of the Monongahela Formation was freshwater, whereas the depositional environment of the Allegheny Formation was predominantly marine, grading into a transitional phase between marine and nonmarine.
Concentration of ionic constituents associated with carbonates consistently show higher median values in the more calcareous Monongahela Formation than in the more siliceous Allegheny Formation (tables 2 and 3, fig. 9 ). These constituents include bicarbonate, hardness, calcium, magnesium, and strontium. Higher median values of iron and manganese (table 3) Discriminant-function analysis (Davis, 1973 ) was used to predict the geologic formation on the basis of water quality. The high degree of accuracy of predictions made during calibration and verification of the discriminant-function analysis supported the concept that distinct geochemical processes were responsible for the dominant chemical constituents in each formation. 
Hydrogen sulfide This multivariate method allows the complex geology and multiple processes to be evaluated in such a way that a weighted combination of all the geochemical variables is reduced to an equation that maximizes the chemical differences in ground water between the formations.
A quadratic discriminant-function equation gave better results than a linear equation, so all findings are from a quadratic equation. The analyses from the 95 water-quality samples from the coal-related aquifers were used for constructing and calibrating a quadratic discriminant equation. No further analysis was made of aquifers associated with the Waynesburg (No. 11) coal bed of the Monongahela Formation because only five water-quality samples were obtained. Forty analyses from 11 wells from another project (U.S. Bureau of Mines, 1978) in the study area were used to verify the reliability of the equation. The discriminant-function analysis was also used to determine the minimum number of water-quality variables needed for acceptable classification.
Thirteen water-quality constituents and properties were used to produce a discriminant function. The 13 constituents and properties are: specific conductance potassium pH sulfate bicarbonate fluoride noncarbonate hardness iron calcium manganese magnesium hydrogen sulfide sodium Although using more variables would have resulted in a better equation (fewer misidentifications), these 13 constituents and properties are commonly analyzed in studies of ground-water quality. Fewer variables produced an equation with an unacceptably high rate of misidentif ications (more than 10) during calibration.
During calibration of the discriminant model, only 10 out of 95 observations were misclassified; only 2 out of 41 observations were misclassified during verification.
The high percentage of correctly classified observations indicate that there are geochemical processes unique to the Allegheny and Monongahela Formations. Some constituents, such as sodium and chloride, probably are not unique to either formation but rather are the result of local contamination. Other geochemical processes that result in combinations of certain constituents probably are dominant only in one formation. For example, iron and manganese are usually in higher concentration in the reducing environment of the marine shales and sandstones of the Allegheny Formation, whereas sulfate concentrations are high in the carbonate aquifers of the Monongahela.
CONCEPTUAL GEOCHEMICAL MODEL OF THE ALLEGHENY AND MONONGAHELA FORMATIONS
A conceptual geochemical model shown in figure 10 describes the gradational geochemical processes that dominate each formation. The model, which is based on oxidation of pyrite, uses oxygen as the oxidizing agent because the other oxidizing agent, ferric ion, is insoluble in the neutral or basic water usually found in the study area (Nordstrom, 1982) . Production of iron and fully oxidized sulfate is dependent on the availability and diffusion of oxygen to the pyrite disseminated in the rocks. The porosity and permeability of the formations, as well as consumption of oxygen during oxidation processes of the formations, limits oxygen availability for pyrite oxidation.
The kinetic mechanisms and reaction pathways that determine whether the iron or sulfate processes will be dominant can be expressed by the overall reaction: Both formations contain pyrite. With the introduction of oxygen, the pyrite will dissolve and initially release ferrous iron (reaction 2) and sulfide (Nordstrom and others, 1979) . As the availability of oxygen increases, the sulfur is partially oxidized to an intermediate thiosulfate species (reaction 5); if enough oxygen is present, sulfate is produced (reaction 6). When the sulfur is oxidized to sulfate, the pH would be expected to drop (Nordstrom, 1982) ; however/ the carbonate rocks in the Monongahela Formation buffer the reaction. Because the pH remains near neutral, ferric iron is insoluble.
The initial oxidation of pyrite releases the ferrous iron, but the sulfur remains at the mineral surface (Nordstrom, 1982) . The tight shales and other elastics inhibit the diffusion of additional oxygen, which would react to form intermediate sulfur species and eventually produce sulfate.
During mining operations and subsequent exposure of large surface areas of bedrock to oxygen, the Allegheny Formation may be especially susceptible to pyrite oxidation. First, an unstable sulfur rind is quickly oxidized, producing acid and sulfate. Second, there is more pyrite available for oxidation because the undisturbed formation retards oxygen movement more than spoils material. Third, significant amounts of carbonate rocks are not available to buffer acid production and, if pH drops, ferric ion becomes an oxidizing agent regardless of whether oxygen is present or not.
SUMMARY AND CONCLUSIONS
One hundred ground-water quality samples were collected from domestic wells in southeastern Ohio to describe the water quality and geochemical controls of surficial coal-associated aquifers in southeastern Ohio. The samples were collected from aquifers associated with the coal beds of the Allegheny and Monongahela Formations.
The waters of the shallow, coal-associated aquifers in southeastern Ohio generally are calcium magnesium bicarbonate in type; a sodium bicarbonate type is less common. The water is predominantly very hard (median hardness concentration of 258 mg/L as calcium carbonate) and has a median dissolved-solids concentration of 436 mg/L. Only isolated areas yield water having dissolvedsolids concentrations of more than 1,000 mg/L.
Complex lithologic facies changes caused by marine transgressions and regressions, and nonmarine deposition produce a ground-water-quality distribution that makes classification according to formation or coal difficult. Only bicarbonate concentration was found to be significantly different among individual coal beds, whereas concentrations of bicarbonate, hardness, calcium, magnesium, sodium, iron, manganese, and strontium were significantly different between the Allegheny and Monongahela Formations. Many constituents are significantly correlated, but few correlation coefficients are high.
Discriminant-function analysis (based on 13 water-quality constituents and properties) correctly classifies 89 percent of the observations collected in this study into the Allegheny or Monongahela Formations. As a verification, 39 of 41 observations from another study were correctly classified by formation. This demonstrates that certain geochemical processes are more dominant in one formation than in the other.
The difference in water chemistry between the Allegheny and the Monongahela Formations is gradational, and is attributed to processes involved in the oxidation of iron sulfide (pyrite). The diffusion and availability of oxygen, which controls the chemical reaction, is regulated by the porosity and permeability of the rock with respect to oxygen and also by the presence or absence of carbonates that buffer the pH.
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